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Abstract 
A Doosan Power Systems 30MWth OxyCoal™ burner was designed, manufactured, installed, commissioned, tested 
and subsequently removed from the Oxyfuel Pilot Plant at Schwarze Pumpe, owned and operated by Vattenfall 
Europe Technology Research GmbH, as the next step in the development and demonstration of Doosan Power 
Systems OxyCoal™ technology. Various operating modes – air firing, standard oxyfuel firing and expert oxyfuel 
firing – were demonstrated, yielding a total time of operation close to 2800 hours over the test period. The 30MWth 
OxyCoal™ burner was proven to have good flame stability and was able to successfully achieve the set targets of less 
than 3 %vol. (wet) O2, 250mg/Nm
3 NOx and 50mg/Nm
3 CO for air firing and less than 3 %vol. (wet) O2, 600mg/Nm
3 
NOx and 100mg/Nm
3 CO for oxyfuel firing. Further measurements were taken to allow combustion and thermal 
performance to be evaluated. The project and the results from testing are discussed in this paper. 
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As worldwide energy consumption continues to rise, so the urgency of mitigating against the adverse 
effect that this is having on the environment also increases. Utility companies are focused on reducing 
NOx, SOx, particulates, and now carbon emissions from power plants. Doosan Power Systems is 
committed to delivering unique and advanced carbon capture technologies that will be both technically 
and economically viable for power generation, with considerable investment in research, development 
and demonstration. Doosan Power Systems’ innovative OxyCoal™ combustion technology, which 
combines proven and commercially available coal-fired power plant with state-of-the-art advances in 
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oxyfuel combustion, air separation and gas processing, is the result of work undertaken through various 
collaborative projects. 
1.1. OxyCoal-UK: Phase 1 
The OxyCoal-UK: Phase 1 ‘Fundamentals and Underpinning Technologies’ project, completed in 
2009, was led by Doosan Power Systems and supported by funding from the UK Government 
Technology Strategy Board [1] [2]. The project achieved the aims of developing a competitive oxyfuel 
firing process based on the integration of new and existing power plant design components. Critical 
technology gaps in the four key areas of combustion fundamentals, furnace design and operation, flue gas 
clean-up and generic process issues were addressed, generating practical understanding and experience to 
reduce or eliminate technical risks and uncertainties. 
1.2. OxyCoal 2 
The OxyCoal 2 ‘Demonstration of an Oxyfuel Combustion System’ project involved the design and 
testing of an OxyCoal™ burner at a scale (40MWth) applicable to new build and retrofit advanced 
supercritical oxyfuel plant [3]. This project was funded by the UK Government Department of Energy 
and Climate Change and completed in 2010. Firing trials of the 40MWth OxyCoal™ burner at Doosan 
Power Systems’ Clean Combustion Test Facility (CCTF) in Renfrew, Scotland, demonstrated safe and 
stable operation across a wide operational envelope under air and oxyfuel firing, with smooth transitions 
between air and oxyfuel firing. Turndown was proven from 100% load to 40% load – a comparable 
turndown to Doosan Power Systems commercially available air firing low NOx axial swirl burners.  
Flame stability and flame shape were comparable for air and oxyfuel firing. The emissions of CO when 
expressed as ppm and carbon in ash (CIA) when converted to unburnt loss expressed as %GCV indicated 
that combustion efficiency was comparable for oxyfuel firing and air firing. 
 
Table 1. Comparison of Doosan Power Systems OxyCoal™ burners and the respective installations. 
40MWth OxyCoal™ burner for the Clean Combustion 
Test Facility, Renfrew 
30MWth OxyCoal™ burner for the Oxyfuel Pilot Plant, 
Schwarze Pumpe 
Intermittent operation Continuous operation 
Igniters Combustion Engineering pre-mixed gas flame system DURAG high energy spark igniter 
Heavy fuel oil light-up burner Gas light-up burner 
Pulverised fuel firing 
Kellingley (UK bituminous) 
El Cerrejón (Colombian bituminous) 
Pulverised fuel firing 
Braunkohlestaub (BKS) (German Lausitz lignite) 
Common windbox Individual ducts 
Manual adjustment of swirlers Automatic adjustment of swirlers 
National Instruments Supervisory Control and Data Analysis 
(SCADA) system 
Siemens Power Plant Automation (SPPA-T3000) web-based 
instrumentation and control (I&C) system 
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1.3. Technology Partnership with Vattenfall 
Vattenfall is one of Europe's largest generators of electricity and is committed to furthering the 
development of carbon capture and storage (CCS) through pilot and demonstration projects. In May 2005 
Vattenfall Europe Technology Research GmbH made the investment decision to build a 30MWth Oxyfuel 
Pilot Plant (OxPP) which, when opened in September 2008, became the first pilot plant in the world to 
demonstrate oxyfuel combustion carbon capture technology (i.e. integrated air separation, boiler, and flue 
gas compression and cleanup). The Technology Partnership, of which Doosan Power Systems has been a 
member since 2010, aims to develop oxyfuel combustion technology towards commercially viable 
applications in large-scale power plants by testing and improving the oxyfuel combustion process at the 
OxPP. The other Technology Partners include: Alstom Power Boiler GmbH, Babcock Borsig Steinmüller 
GmbH, Babcock Noell GmbH, Hitachi Power Europe GmbH and Linde AG. 
Table 1 lists the main differences between burner installations at the OxPP and the CCTF. Although 
both test facilities have similar scale, nevertheless the points of difference such as continuous firing and 
the different fuel type (lignite) at the OxPP are significant and offer the opportunity to build upon the 
knowledge previously gained from the OxyCoal 2 project. Testing of the Doosan Power Systems 
OxyCoal™ burner at the OxPP followed earlier testing of burners supplied by Alstom Power [4] and 
Hitachi Power Europe [5], respectively, thus adding to the Project Partners’ collective experience of the 
oxyfuel process with different burner concepts.   
 
Fig. 1. Vattenfall’s Oxyfuel Pilot Plant, Schwarze Pumpe. 
2. Description of the Oxyfuel Pilot Plant 
Fig 1 shows Vattenfall’s OxPP, which is located adjacent to the existing lignite fired 1600 MWe power 
plant at Schwarze Pumpe, Germany. Pulverised coal is delivered to the OxPP by road tanker and 
discharged pneumatically to a 150 tonne capacity pulverised coal storage silo, operated under 
atmospheric conditions and inerted with nitrogen.  A 30MWth burner is arranged centrally in the roof of 
the combustion chamber to fire the pulverised coal. The residence time in the combustion chamber, from 
burner opening to the heating surfaces, is greater than two seconds for air and oxyfuel firing, to maximise 
the burnout of the fuel particles before the flue gas reaches the heating surfaces at temperatures up to 
1000°C. The heating surfaces in the direction of the flue gas path comprise the combustion chamber roof 
and walls, furnace exit screens, two superheater tube banks, a gas-to-gas heater and five economizer tube 
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banks. Spray attemperation between the two superheater tube banks controls the final temperature of the 
superheated steam. 
The first of two induced draught (ID) fans draws the flue gas through the combustion chamber and 
steam generator, and through an electrostatic precipitator (ESP) for particulate control, with a particulate 
removal efficiency of greater than 99%. A second ID fan draws the flue gas through the flue gas 
desulphurization (FGD) plant, for SOx control by reaction with wet limestone to produce gypsum, with 
SO2 and SO3 removal efficiencies of approximately 99% and 75% respectively. A two stage flue gas 
condenser (FGC) removes moisture and water soluble acidic components from the flue gas by cooling the 
flue gas to about 30°C. 
A forced draught fan delivers combustion air from atmosphere for air firing, or recycled flue gas from 
after the ESP for oxyfuel firing, to the pulverized coal burner and combustion chamber. The combustion 
air or recycled flue gas is heated to a temperature of approximately 250°C in the gas-to-gas heater. For 
oxyfuel firing gaseous oxygen (GOX) is injected into the recycled flue gas and mixed by means of static 
mixers located downstream of the injection point. 
The air separation unit (ASU) is a standard Linde GOX 6000 plant – the evaporator having the full 
capacity for the required amount of GOX. Liquid nitrogen (LIN) is produced as a by-product. The system 
has two GOX buffer tanks (2 x 50 m3) to maintain stable pressure and flow conditions. A backup system 
in the form of 150 m3 liquid oxygen tank (LOX) and an evaporator is also available. 
The CO2 plant, with a target CO2 capture rate of 90%, is designed for compression and liquefaction to 
produce a liquid CO2 product, stored in two 180 m
3 tanks operating in the pressure range of 15 to 20 bar 
and a temperature range of -15 to -50°C, suitable for transportation by road tanker. The purity of the 
liquid CO2 product is greater than 99%. In addition to the existing CO2 plant, Air Products installed a 
proprietary carbon dioxide (CO2) capture, purification and compression system, which was ready for 
start-up at the end of 2010. Parametric tests of the Air Products CO2 processing plant continued in parallel 
with the OxyCoal™ burner tests that are reported in the current paper. 
3. 30MWth OxyCoal™ burner commissioning and testing 
3.1. Operating modes 
The OxPP has various operating modes, namely air firing, standard oxyfuel firing and expert oxyfuel 
firing. For standard oxyfuel firing (Fig 2a) oxygen is injected into the main oxidant duct, i.e. prior to the 
splitting of flows to the individual burner inlets. Thus the oxygen content in each of the individual oxidant 
ducts to the burner is the same. For expert oxyfuel firing (Fig 2b) the volume flows of oxygen to each of 
the individual burner inlets can be controlled.  
 
       
Fig. 2. The 30MWth OxyCoal™ burner: (a) Standard oxyfuel firing; (b) Expert oxyfuel firing  
(a)     (b) 
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Over the duration of the commissioning and testing the 30MWth OxyCoal™ burner operated in each of 
the different operating modes. One of the main priorities for burner operation was to generate oxyfuel flue 
gas for experiments downstream from the boiler, e.g. for measurements by Vattenfall at the FGD unit, 
and for testing of the Air Products CO2 processing plant. Note that expert oxyfuel mode is considerably 
more complex than standard mode and is more difficult to maintain in steady state since it requires 
manual control of both oxygen and flue gas regulating valves. For this reason the majority of testing was 
carried out in standard oxyfuel mode.  
3.2. Commissioning 
The 30MWth OxyCoal™ burner was commissioned in August and September 2011 in close 
collaboration with Vattenfall Europe Technology Research GmbH and according to the requirements of 
TÜV, as responsible authority. For commissioning good flame stability had to be proven for both air 
firing and oxyfuel firing, as well as for transients, in particular the transition between air firing and 
oxyfuel firing, and vice versa. These transitions required careful consideration of the control logic. 
Demonstration of compliance with TÜV safety regulations included steady running for periods of 1 hour 
under air firing and oxyfuel firing at full (30MWth) and part load (15MWth), and also testing boiler 
emergency shutdown logic by removing flame monitors and simulating high oxidant O2 concentrations 
greater than the threshold trip level of 42 %vol.        
3.3. Test results 
Parametric tests of the 30MWth OxyCoal™ burner were carried out from October to December 2011 
and again from February to July 2012, with an outage in March for maintenance, with the aim of 
characterising and optimising the achievable combustion and thermal performance.  
   
(a) (b) (c) 
Fig. 3. (a) Air firing; (b) Oxyfuel firing with 24 %vol O2 in oxidant; (c) Oxyfuel firing with 30 %vol O2 in oxidant. 
3.3.1. Flame performance 
A DURAG video-based D-VTA 200 Thermography System was installed for visualisation of the 
flame and determination of the local temperature distribution. This was used to assess the effect of 
different operating conditions on the flame, as shown in Fig 3. In each case the flame was observed to be 
stably attached to the burner. For standard oxyfuel firing with 24 %vol O2 in oxidant (Fig 3b) the flame is 
less bright than for 30 %vol O2 in oxidant (Fig 3c) which is closest in appearance to the air firing case 
(Fig 3a). The difference between the two oxyfuel flames is due not only to the relative O2 concentrations 
but also to the momentum of the flue gas recycle stream which decreases as the oxidant O2 increases.   
3.3.2. Combustion performance 
The operational envelope of the 30MWth OxyCoal™ burner, operating in each of the various operating 
modes, is represented by a graph of O2 in oxidant versus flue gas O2 at the ESP outlet as shown in Fig 4. 
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It can be seen that the 30MWth OxyCoal™ burner was tested over a wide range of conditions, and was 
also able to achieve the set target of less than 3 %vol. (wet) O2 for both air and oxyfuel firing. The results 
for expert mode oxyfuel firing suggest that the control of oxygen concentrations in individual burner 
inlets is a promising route for the minimization of overall excess O2.    
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Fig. 4. 30MWth OxyCoal™ burner operational envelope. 
The permitted emissions for air firing are based on daily average values for CO and NOx of 150 
mg/Nm3 and 400 mg/Nm3, respectively. When converted to mass units the limits are approximately 55 
mg/MJ and 230 mg/MJ (as NO2). The same emissions limits (expressed in terms of mg/MJ) are also 
applicable for oxyfuel firing, and are equivalent to concentrations of 680 mg/Nm3 for CO and 1800 
mg/Nm3 for NOx [5]. Optimisation of the burner swirl settings resulted in emissions concentrations that 
were comfortably below the limit levels for the vast majority of parametric tests.  
The emissions measured during the tests comprising the operational envelope of the 30MWth 
OxyCoal™ burner are represented by a graph of NOx versus CO at the ESP outlet as shown in Fig 5. 
Typical measured emissions concentrations for air firing were less than 250 mg/Nm3 NOx and less than 
50 mg/Nm3 CO, and less than 600 mg/Nm3 NOx and less than 100 mg/Nm
3 CO for oxyfuel firing. 
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Fig. 5. Concentrations of NOx and CO in flue gas: (a) air firing, (b) oxyfuel firing. 
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A comparison of the average NOx at the ESP outlet for air firing and oxyfuel firing is shown in Fig 6. 
As expected, due to the dilution effects of removing N2 from the combustion process, on a volumetric 
basis the concentration of NOx (mg/Nm
3) at the ESP outlet is higher for oxyfuel firing compared to air 
firing, shown in Fig 6a.  However, on a heat input basis (mg/MJ) NOx at the ESP outlet is significantly 
lower for oxyfuel firing than for air firing, shown in Fig 6b. 
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Fig. 6. Comparison of NOx production: (a) concentration; (b) mass basis. 
Similarly a comparison of the average SO2 at the ESP outlet for air firing and oxyfuel firing is shown 
in Fig 7. Again as expected, the concentration of SO2 (mg/Nm
3) at the ESP outlet is higher for oxyfuel 
firing compared to air firing, shown in Fig 7a. The overall sulphur balance is shown in Fig 7b, where 
sulphur-in-ash has been estimated as 2.5% (70 mg/MJ) for both air firing and oxyfuel firing based on the 
analysis of ash samples collected throughout the burner test programme. The S balance is completed to 
within acceptable uncertainty by the contribution from SO2 in the flue gas. Note that the mass of sulphur 
from SO2 for oxyfuel firing is less than for air firing, which implies that a small amount of sulphur may 
be unaccounted for in the oxyfuel firing case, perhaps due to increased formation of SO3 and/or 
deposition of sulphur inside the boiler [6]. 
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Fig. 7. (a) Concentration of  SO2 in flue gas; (b) sulphur mass balance. 
3.3.3. In-flame measurements 
As part of the testing, in-flame measurements were performed in 2011 with the 30MWth OxyCoal™ 
burner operating in standard oxyfuel firing mode at full load (30MWth), 30 %vol (wet) O2 in oxidant and 
6 %vol (wet) O2 at the ESP outlet, and again at a second operating condition of 26 %vol (wet) O2 in 
oxidant and 5 %vol (wet) O2 at the ESP outlet. The latter set of measurements was repeated in 2012, i.e. 
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after sources of air ingress that affected oxyfuel operation in 2011 had been successfully identified and 
minimized, primarily by restricting cooling air flows that were found to be entering the combustion 
chamber. 
In-flame temperatures were measured using suction pyrometers and in-flame gas species (CO, NO, 
NO2, SO2, CO2, H2O, O2) were measured using hot extractive gas analysis equipment.  The results of the 
in-flame measurements will form the basis for computational fluid dynamic (CFD) modeling to be 
undertaken in the future. The data from steam side measurements during steady operation for the in-flame 
measurements will also be useful for validation of thermal performance models. 
4. Conclusions 
Doosan Power Systems designed, manufactured and installed a 30MWth OxyCoal™ burner for testing 
at the Oxyfuel Pilot Plant (OxPP) at Schwarze Pumpe. The 30MWth OxyCoal™ burner was operated in 
accordance with the schedule for the OxPP from August 2011 to July 2012 for a total of close to 2800 
hours, approximately 300 hours on air firing and 2500 hours on oxyfuel firing. The 30MWth OxyCoal™ 
burner demonstrated good flame stability and achieved set targets for the combustion performance. 
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